Global gyrokinetic simulations of DIII-D H-mode edge pedestal show two types of instabilities may exist approaching the onset of edge localized modes: an intermediate-n, high frequency mode which we identify as the "kinetic peeling ballooning mode (KPBM)," and a high-n, low frequency mode. Our previous study [W. Wan et al., Phys. Rev. Lett. 109, 185004 (2012)] has shown that when the safety factor profile is flattened around the steep pressure gradient region, the high-n mode is clearly kinetic ballooning mode and becomes the dominant instability. Otherwise, the KPBM dominates. Here, the properties of the two instabilities are studied by varying the density and temperature profiles. It is found that the KPBM is destabilized by density and ion temperature gradient, and the high-n mode is mostly destabilized by electron temperature gradient. Nonlinear simulations with the KPBM saturate at high levels. The equilibrium radial electric field (E r ) reduces the transport. The effect of the parallel equilibrium current is found to be weak. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
One important characteristic of tokamak plasma is that the shape of the transport barrier near the edge, called the pedestal, is critical for high performance mode (H-mode) operations. The gradient of pressure at the pedestal provides vast free energy for instabilities that eventually lead to the edge localized modes (ELMs), which degrade the confinement. These instabilities therefore provide constraints for the shape of the pedestal. The EPED model 1,2 uses two constraints, the peeling-ballooning mode (PBM) instability and kinetic ballooning mode (KBM) instability to successfully predict the height and width of the pedestal. On the other hand, minor changes to the pedestal shape allow long pulse H-mode operation without incurring ELMs. Examples include the quiescent H-mode (QH-mode), [3] [4] [5] H-mode with 3D resonant magnetic perturbations (RMP) ELM suppression (see, e.g., Ref. 6) , and ELM mitigation by supersonic molecular beam injection (SMBI). 7, 8 In these experiments, the effects of density, ion, and electron temperatures are not equal: the shape of the density profile is more important. For instance, the pedestal density has to be lower than a critical value 9 in the QH-mode operations. The EPED model has provided some predictions of the density profile for QH-mode and RMP suppression of ELMs recently. 10 It is of interest to study the role of density profile with first principles kinetic simulation.
In this paper, we study micro-instabilities in the edge pedestal with global gyrokinetic simulations using the GEM code. 11, 12 Our previous work 13 finds that the DIII-D H-mode discharges, right before the ELM collapse, are at the threshold of two kinds of instabilities: an intermediate-n, high frequency mode that we identify as the kinetic version of peeling-ballooning mode (KPBM) and a high-n mode. If we flatten the safety factor q-profile locally around the steep pressure gradient region, the KPBM is significantly stabilized and the high-n mode transits to the KBM, showing a clear signature as an electromagnetic instability with a b threshold. We could simply call the high-n mode the KBM. In addition to be consistent with the EPED model, we have shown how sensitive the instabilities are to the magnetic equilibrium at the edge.
Here, the characteristics of the KPBM and the KBM are studied in more detail. The parallel equilibrium current that drives the magnetohydrodynamic (MHD) peeling instability is implemented in GEM and is found to have a weak effect on the two instabilities. By doing a scan of the half width of the density, ion temperature, and electron temperature profiles, we find that the KPBM is destabilized by both density and ion temperature gradients. The density gradient has the strongest effect. For high-n modes, the electron temperature gradient is most persistently destabilizing. Additionally, nonlinear simulations are reported. We find the KPBM is still dominant. The radial electric field is stabilizing but even with it, the fluxes at the nonlinear saturation level are higher than the experimental values.
These results show that the KPBM, if allowed to be present, is the dominant edge instability. The findings here suggest that the density gradient is the strongest drive for the KPBM.
II. THE INTERMEDIATE-N AND HIGH-N INSTABILITIES
In this section, we study the two instabilities at the pedestal with the GEM code. One improvement over our a) Paper YI3 6, Bull. Am. Phys. Soc. 57, 372 (2012). previous studies is that we now have the equilibrium current term responsible for driving the MHD external kink included in the simulations.
A. Simulation model

GEM
11,12 is a global gyrokinetic d f particle-in-cell code with gyrokinetic ions and drift-kinetic electrons. The simulations in this study are electromagnetic with shear magnetic perturbations (d B ? ) and the full experimental b. The electron-ion collisions are included. The magnetic equilibrium used in GEM is calculated by the Fluxgrid code as Miller equilibrium parameters 14, 15 from experimental data. The density and temperature profiles are fit as analytical functions of the minor radius using a modified hyperbolic tangent function (mtanh) as in Groebner et al. 16 Each profile is thus determined by five fitting parameters: pedestal, offset, half-width, central point, and a constant that allows for a linearly rising profile in the core. This fitting technique allows us to calculate the pressure gradients smoothly and to manipulate the pedestal profiles using the fitting parameters, as in Sec. III.
Profiles of two DIII-D H-mode discharges taken near the ELM threshold have been studied in Ref. 13 , and they show the same characteristics. Here, for simplicity, we only use one of them, discharge 132016, whose magnetic equilibrium was produced with kinetic EFIT 17, 18 calculations, including corrections for the bootstrap current from the Sauter 19 model. The experimental radial electric field E r is computed by solving the radial force balance equation for fully ionized carbon, where the rotation, temperature, and density terms are measured by charge exchange spectroscopy. The radial simulation domain for this work is for 0:899 r=a 0:999, where a is the minor radius and r is the radial Miller parameter that labels magnetic surfaces. The plasma b ¼ 0:65% at r/a ¼ 0.9 for this discharge. Fieldline-following coordinates are applied, with x in r direction, y is approximately the arc length of the field line projection in the poloidal plane at the reference flux surface, and z in the parallel magnetic field direction and it labels the poloidal angle. For linear simulations, there are 64, 32, and 24 grids in L x , L y , and L z , respectively, and 786432 particles per species. For nonlinear simulations, the number of particles as well as grid points in L y are doubled. Realistic deuterium to electron mass ratio is used. The simulation time step is Dt ¼ 1=X i and the radial resolution is Dx ¼ 0:52q i , where
are the proton gyrofrequency and gyro-radius at the pedestal top. Convergence is achieved with respect to linear and nonlinear simulations.
While the study of more realistic boundary conditions are going on using the XGC1 code, 20 the current study uses closed flux surfaces with fixed radial boundary conditions. Both the electrostatic potential and magnetic vector potential are zero at the boundaries. All effects from outside of the separatrix are excluded. In addition, density and temperature profiles are further smoothed at the boundary, i.e., setting their gradients to be zero. This procedure is necessary to ensure that instabilities and turbulence are generated inside the simulation box.
B. Effects of the parallel equilibrium current
We implement the parallel equilibrium current u 0 in a way similar to Ref. 21 . Theoretically, the ion and electron parts of this current satisfy the Ampère's law
Given the high deuterium-electron mass ratio, we assume the equilibrium current is mainly carried by electrons, i.e., u 0 ¼ u 0e ) u 0i , and hence u 0 is determined by Eq. (1) from the equilibrium magnetic field and density profile. With u 0 , the electron equilibrium distribution function becomes shifted-Maxwellian f e0 ¼ nðrÞ
where v te is the electron thermal velocity and l is the magnetic moment. We further assume that u 0 ( v te , then u 0 effectively only adds an additional term into the particle weight equation (see Ref. 11)
The contribution to the curvature drift is also neglected because it is very small. The actual equilibrium current and its derivative are shown in Fig. 1 , where u 0 is normalized by the ion thermal velocity v ti calculated at the pedestal top. Both terms peak at the edge, because from Eq. (1), u 0 is determined by the derivative of B 0 , which depends on the q-profile that goes up very quickly near the separatrix. On the other hand, our boundary condition has assumed that physics near the separatrix should be not important. Therefore, the fact that the equilibrium current peaks near the boundary implies that this simulation cannot model the full effect of the current drive. However, this current still has non-zero contribution near the steep gradient region around r/a ¼ 0.975, which is well FIG. 1 . The equilibrium parallel current u 0 (a) and its derivative (b) used in simulation.
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Phys. Plasmas 20, 055902 (2013) within the simulation domain and is the location where the instabilities occur, and its effects should be tested. Figure 2 shows linear single mode simulation results with and without the u 0 contribution. The toroidal mode number 6 n 60 corresponds to 0:0992 k h q i 0:992 at the center of the simulation box. As found in Ref. 13 , the high frequency n < 20 modes are identified as the KPBM and the low frequency n > 20 modes, which we simply call "high-n mode" here, may transit to the KBM when the q-profile is locally flattened in the steep pressure gradient region. The inclusion of the equilibrium current has a slight stabilizing effect for the KPBM and a slight destabilizing effect for the high-n mode. It has nearly no effect on the real frequencies of either mode. Although it is generally believed that the MHD peeling mode is driven by the equilibrium current shear, here we have not observed the effect with the KPBM. This could be due to that as discussed above, our fixed boundary has canceled the effect of the current. However, it is also possible that the peeling instability is not important at edge at all. It has been shown in MHD studies 22, 23 that the current driven pure peeling modes are asymptotically stabilized by the X-point, and this is true even for the peeling part in a combined peeling-ballooning mode. The small stabilizing/destabilizing effect of the current drive is the same when we test other DIII-D discharge profiles.
The poloidal linear mode structures of the KPBM for n ¼ 6 and the high-n mode for n ¼ 36 are shown in Fig. 3 . There is an up-down asymmetry of the KPBM structure, with the instability peaks in the down side. This asymmetry is related to the magnetic equilibrium, as if we change the direction of poloidal magnetic field by switching the sign of the q-profile, the mode would peak in the up side. It has been shown that sheared rotation can cause a shift in where the linear mode peaks. 24 Likewise, for strong diamagnetic flow, it is worth noting that up-down asymmetric turbulence has been reported in many tokamak experiments. 25 Since the simulation domain is inside the separatrix and no X-point physics is included, the up-down asymmetry of the mode is not caused by any asymmetry in the magnetic equilibrium outside of the last closed flux surface. This asymmetry of the turbulence structure, if observed in experiments, may also peak in the upper side, depending on the direction of the plasma current and the toroidal magnetic field. To our knowledge, such asymmetry is not reported in MHD peeling-ballooning modes. The n ¼ 36 mode is largely symmetric, and the instability clearly peaks in the outer midplane. In both cases, the instability appears in the steep pressure gradient region.
Given that both the KPBM and the high-n mode are driven by pressure gradient and the current drive has little effect on them, it is still of interest to know which gradientthat of density, ion temperature, or electron temperaturedrives the instabilities.
III. THE INSTABILITY DRIVE
In this section, we study which gradient drives the instabilities of the KPBM and the high-n/KBM mode.
The method we use here is to change the gradient of one of the three profiles: density (n i ), ion temperature (T i ), and electron temperature (T e ), while keeping the other two profiles fixed to their original shape. Because all profiles are parametrized by five parameters of the mtanh fitting function, we can simply change the gradient by changing the half width of the profile while keeping other four parameters fixed. In principle, varying a single parameter while keeping others unchanged generally results in a configuration that is not an equilibrium. Future work would involve calculating the bootstrap current and hence the corresponding q-profile self-consistently according to the change of pressure gradient, but for this study, the q-profile is unchanged.
In Fig. 4 , for the KPBM with n ¼ 12, we multiply the half width of one profile by a factor of 0:7 wÂ 2, while keeping ¼ Àd ln T e =dr be the smallest characteristic lengths of the n, T i , and T e profiles and R be the major radius, the scan of the half width factor from 2 to 0.7 is equivalent to 34:3 R=L n 71:7; 26:6 R=L Ti 52:3, or 44:7 R=L Te 130:8 for the profiles used in this study. The linear growth rate and real frequency are plotted as a function of the multiplying factor, for all three profiles. There are three lines, and the cross point of the three lines is for the original equilibrium.
The results show that the density gradient is clearly destabilizing for the KPBM and it has the strongest destabilizing effect. The linear growth rate doubles in the L n scan. When the half width factor is near 2, i.e., the density gradient is too small, the KPBM disappears as the mode frequency becomes very low. The ion temperature gradient is also destabilizing, but the effect is much smaller. The KPBM is quite insensitive to the electron temperature gradient. Only one case is presented here, but the trends are the same in other DIII-D discharges we have studied.
The high-n mode, on the other hand, does not have such clear trends. Figure 5 shows results of the same parameter scan for n ¼ 54. In this case all three gradients are weakly destabilizing. In fact, the density and ion temperature gradients may be stabilizing or destabilizing depending on specific equilibria and mode numbers. Figure 6 shows the trends for n ¼ 36 of this discharge and n ¼ 63 of another discharge, 136051, which was studied in Refs. 13 and 26. In these results, the only gradient that is always destabilizing is the electron temperature gradient.
We have shown that the intermediate-n KPBM is more unstable than the high-n/KBM mode. In Sec. IV, we show that the KPBM also dominates in nonlinear simulations.
IV. NONLINEAR RESULTS AND EFFECTS OF RADIAL ELECTRIC FIELD
In this section, we run nonlinear simulations with and without the KPBM, and study the effect of E r , which is known to be stabilizing at the edge. 15 Theoretically, the radial electric field has contributions from two terms Figure 7 shows the experimental E r as compared to the pressure gradient term in Eq. (4). A well exists in both cases, indicating that the pressure gradient term has a strong contribution to E r . Since it is the shear of E r that stabilizes turbulence, the fact that the bottom of E r well is close to the steep gradient region implies that turbulence will still peak in that region, even in nonlinear simulations. We have carried out four nonlinear simulations. Two of them are full simulations with the intermediate-n KPBMs included, with and without E r . These runs are then repeated with only the high-n modes, n ! 24, included. A toroidal 
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Phys. Plasmas 20, 055902 (2013) wedge of 1/6 of the full torus is simulated with 64 grid points along the y-direction. If we assume a wavelength is wellresolved by 8 grid points, then modes with toroidal mode number n ¼ 6, 12,…, 48 are well-resolved. In the high-n only simulations, the n < 24 modes of above are filtered in the field solver by simply zeroing out the field components (A k and /). However, no filtering is done to the particle distributions and therefore the distributions contain all modes allowed by the box size. The evolutions of volume-averaged particle flux C are shown in Fig. 8 . Compared to our previous electrostatic edge simulations, 27 here the electromagnetic turbulence is much stronger. In linear single mode simulations of the KPBM, the electromagnetic component of the electron heat flux is comparable to the electrostatic component; whereas in nonlinear simulations, the electrostatic component dominates. Although the high-n mode has a much smaller linear growth rate than the KPBM, in nonlinear simulations its saturation level is not significantly lower, especially for the case without E r . Since the high-n mode is associated with the KBM, this could be due to the fact that there exists a nonlinear subcritical b limit, 28 at which high nonlinear flux is observed even though the linear growth rate is still small. In Ref. 13 , we find that E r is actually destabilizing for the linear KPBM, and here again we see in the linear stage the flux with E r is higher than that without E r in Fig. 8(a) . Nevertheless, in the nonlinear stage, the fluxes are comparable and if we use time-averaging, E r does make the flux lower. For simulations without the KPBM shown in Fig.  8(b) , E r is stabilizing in both linear and nonlinear stages. We note that in MHD simulations of linear PBM using BOUTþþ, 29 E r is also slightly destabilizing for low-n and stabilizing for higher-n, although the MHD PBM growth rate gets higher with higher-n, 29, 30 possibly due to lack of either diamagnetic drift or finite Larmor radius effects.
31
The nonlinear turbulence structure of the two cases with E r are shown in Fig. 9 , in which the electrostatic potential / is plotted in the x-y plane. Here, L y ¼ p=3 Á r 0 =q 0 corresponds to a toroidal wedge of 1/6 of the full torus. We see that in 
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Phys. Plasmas 20, 055902 (2013) the nonlinear stage, turbulence still peaks around the steep pressure gradient region, and the persistent linear structure. The up-down asymmetry of the KPBM structure is also seen in nonlinear simulations. The time-averaged particle diffusion coefficient D during the nonlinear stage, at seven points across the pedestal, is shown in Fig. 10 . The maximum diffusivity with the KPBM and E r is about 4m 2 =s, and is much higher than the DIII-D H-mode D calculated by transport codes. 32 This might be due to the fact that some kind of particle pinch mechanism is required to reduce the total particle flux for H-mode. 27, 33 Recent FACETS calculations 34 find that the pinch occurs from almost the beginning of density buildup and remains throughout the cycle. Observations indicate the process exists during the late stage before an ELM is triggered. 32 The ion and electron heat flux diffusivities, v i and v e , of the four cases are shown in Fig. 11 . These values are more than 10 times higher than the transport code ONETWO has calculated.
V. SUMMARY
In this paper, we did a simple study that varies the density and temperature profile width while keeping the pedestal height fixed. In doing so, only the gradients of the pressure terms are changed. A more realistic study should change the height and width together as in experiments, and apply the self-consistent magnetic equilibrium, especially the q-profile based on the corresponding bootstrap current. Nevertheless, we have demonstrated that the dominant pedestal instability, the KPBM, is most sensitive to the density profile, being more unstable with a larger density gradient. In fact, the effect of the rising density gradient is two fold: it makes the KPBM more unstable, and it leads to a larger bootstrap current. In the Sauter model, 19 the contribution to the bootstrap current from the density gradient is larger than that of the two temperature gradients. A rising bootstrap current will make the q-profile more flat, which could stabilize the KPBM as shown in our previous work 13 and Ref. 30 , but it will also make the KBM more unstable. If rn and rT i are increased, the KPBM will be destabilized directly, but this effect will compete with the stabilizing effect of the flattened q-profile. On the other hand, rT e mainly destabilizes the high-n mode. The direct and indirect effects of rn; rT i , and rT e on the stability of the KPBM and the high-n/KBM are summarized in Fig. 12 .
The high growth rate of the KPBM suggests that it might be the instability that triggers ELMs. Upon the onset of an 
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Wan et al. Phys. Plasmas 20, 055902 (2013) ELM, the most unstable toroidal mode number has been reported to be in the low-to-intermediate-n regime in experiments. For Type I ELMs, it was shown that n $ 10 for ASDEX Upgrade and n $ 4 for JT-60U. 35 For Type III ELMs, it was shown that n % 5-10 for DIII-D and n % 10 for Alcator C-MOD. 36 Large scale MHD simulations indicate Type I ELMs of DIII-D are also triggered by an instability with dominant mode numbers of n $ 10. 37 These mode numbers are consistent with KPBM. However, other characteristics of KPBM are yet to be confirmed in experiments. The KPBM has a very high real frequency of about 800 kHz, which has not been reported in any experiments. We note that recently DIII-D has reported an electron band fluctuation at 200-400 kHz in a H-mode pedestal, 26 and a high frequency quasi-coherent mode of around 300 kHz is observed in EAST H-mode pedestals. 38 It is still unclear if these modes are related to the KPBM. Nonlinear simulations with KPBM saturate at a level only slightly higher than the ones with high-n modes only, suggesting that the saturated KPBM should not be directly identified with the experimentally observed ELMs.
We identify the intermediate-n mode as the "kinetic peeling-ballooning mode," because it has several properties that resemble the MHD peeling-ballooning mode: it is a global instability driven by pressure gradient; it is in the same toroidal mode number range and could be stabilized by flattening the q-profile. 13, 30 As discussed in Sec. IV, the E r effects on the linear and nonlinear KPBM are also similar to that of the BOUTþþ simulations of the PBM. 29 In fact, preliminary results of NIMROD simulations 31 of the same discharge as studied here indicate PBM is unstable, with comparable linear growth rates around n ¼ 14, although the NIMROD results have lower growth rates at low-n. However, the high real frequency cannot be observed in any MHD simulations. The asymmetric mode structure is not seen in the PBM either. Our simulations show the equilibrium current shear has little effect on the instability of the KPBM, therefore the "peeling" part of the PBM is not reflected here. The name "KPBM" is chosen to suggest a kinetic version of the PBM, but further study is needed to reveal the full identification of this mode.
In conclusion, gyrokinetic simulations show that the edge pedestal is susceptible to the intermediate-n KPBM and the high-n/KBM instability. Under certain conditions of the magnetic equilibrium, the KPBM is the dominant instability both linearly and non-linearly. The density gradient drive is found to be most important for the KPBM, and surprisingly, the electron temperature gradient is found to be the most persistent drive for the high-n KBM.
